In order for economically viable distributed generation systems for local communities to be widely accepted, it is essential to develop an efficient and low-cost heat supply system. For this purpose, we propose a new heat supply system which we already presented at the ICOPE-05 Chicago. The key technology for the system is to connect compact heat supply units with a heat storage function installed in all the households of the local community, such as condominiums, by a single-loop of hot water pipe. A phase change material was used for the heat supply unit as the heat storage material. However, for easier handling and reducing the cost of the unit, we have developed a new heat supply unit whose heat storage tank is made of plastic. Hot water for space heating is used as the heat storage material. Further we constructed a heat supply system for 7 lived-in households with a 5 kW gas engine and a 42 kW boiler as the heat sources. Some experiments with a heat supply unit and a heat supply system, such as for heat storage and heat supply for peak demand were conducted. Additionally, dynamic simulations of heat demand by 50 households and a COP evaluation of a new CO 2 heat pump system using low-temperature exhaust gas from the gas engine were also conducted.
Introduction
The cogeneration system for a single household or an apartment using a micro gas engine with a power output of 1 to 25 kW is now commercially available. But its power generation efficiency is as low as 22.5 to 33 % based on low heat value. Furthermore, hourly and seasonal heat fluctuations are extremely large compared with power fluctuations.
Therefore, to reduce the heat generated from the power unit, high power-efficiency fuel cells for small cogeneration systems mainly to supply power have been developed all over the world. We have been studying a cogeneration system for local communities generating several ten to several hundred kW which can use the local fuel energy from wastes and biomass as well as natural gas to promote an economically viable distributed power generation system. The generated power from renewable energy utilized by the Renewable Portfolio Standard (RPS) can be sold to power companies and product suppliers. Thus leveling the heat fluctuation enables power units such as high-temperature working fuel cells of MCFC and SOFC, advanced gas engines of the Miller cycle, or a steam turbine hybrid system.
When residents use this cogeneration system for local communities, five Rs, which are Rental of heat in local areas, Reuse of water resources, Recycling of human wastes, Repair of high-efficiency power units, and Reduction of fossil fuel use will be realized economically.
We had been discussing the problems in realizing this system and testing the latent heat effect of phase change materials for heat supply with a group of academics and companies in the Kansai area including the METI of Kinki from May 2002 to December 2003. The results of this study were presented at the ICOPE-03 held in Kobe [1] .
This study group was dissolved in December 2003 to advance the research and development of a new compact and low-cost heat supply unit as a core technology for this cogeneration system jointly developed by Kobe University, Osaka Gas Co., Ltd., Noritz Corporation, and Sumitomo Precision Products Co., Ltd.
We developed a few kinds of heat supply units for latent heat storage using PCM and evaluated them in some experiments and simulations [2] . Further, we evaluated a water pre-heating system with a CO 2 regenerative heat pump using the unutilized exhaust heat source from cogeneration plants. These studies were presented at the ICOPE-05 held in Chicago [3] . The main result was that the heat supply units which are interconnected only with an 1-inch single-loop pipe enabled heat supply to 50 households owing to the heat storage of PCM and hot water as well as pre-heating of tap water by the CO 2 heat pump system. However, the heat supply unit needs a triplicate SUS tank and a large amount of aluminum fins to enhance the heat transfer between hot water and PCM.
In this study, we developed a new heat supply unit using water for space heating as a heat storage material in order to reduce the cost, and constructed a heat supply system for actually 7 lived-in households in an experimental condominium. A dynamic simulation for 50 households was conducted to design an optimized energy system and a control system for it. Further, a new simple CO 2 heat pump system was also developed.
Single-Loop Inter Connected Heat Supply System
The conventional housing heating total system (HEATS) circulates hot water full time at a constant flow rate to satisfy the customer's heat demand in the pipe shafts of the building as shown in Fig. 1 . The plate type heat exchanger in each household receives heat from the hot water pipe and provides hot tap water, bath water heating, and space heating. The HEATS for 50 households has two three-inch insulated pipes for supply and return to meet winter peak heat demand.
On the other hand, our system installs a new heat supply unit with a heat storage function in every household, and these units are interconnected by a small one-inch single-loop pipe. Hot water is circulated full time at the flow rate of an inverter pump controlled by the temperature of the hot water returned to the heat source unit as shown in Fig.2 .
At the peak of heat demand, the units first supply heat already stored, so that the total heat load of the single-loop pipe is leveled to enable heat supply to 50 households. As a result, the pipe diameter and length of proposed system can be reduced to a third and a half, respectively, compared with the HEATS.
For this reason, the pump power and the heat loss from the pipe can be reduced to approximately 1/9 and 1/6, respectively. Thus, our system has a great advantage in operating cost and pipe equipment cost over the HEATS.
Furthermore, because all the heat supply units store heat, the total heat storage capacity is large enough for cogeneration to generate according to the electricity demand and with high operating rate. 
Development of a New Heat Supply Unit

New heat supply unit
The system flow of the heat supply unit is shown in Fig. 3 . It consists of a 100 l plastic water tank, three plate heat exchangers (heaters), two pumps, and six control valves. The water for space heating is used for the tank water. The hot water in the single-loop pipe flows into the hot water heater at a flow rate of 10 l/min under control of a bypass valve MV5. Heat storage takes place as follows. When the tank water temperature (T7) and the hot water temperature (T1) satisfy the given conditions, an accumulation pump (P1) starts and the tank water is heated by the hot water heater. During heat storage, the flow rate of the tank water is controlled by MV1, so that the heat load does not exceed 10 kW.
Consequently, the total heat load of the system is leveled.
Hot water is supplied in two modes. When the tank water temperature (T7) is higher than a preset temperature, tap water flows through the water heater. In this mode, the temperature of T4 is controlled by the flow rate of the tank water so as to minimize the return temperature (T8) and make efficient use of the heat storage in the tank (∆T×100 l).
When T7 is lower than the preset temperature, the hot water in the single-loop pipe is directly supplied: MV2 is closed and MV4 is opened. In this mode, each resident can use enough hot water without the hot water in the single-loop pipe falling in temperature.
Bath water is heated by the bath heater, and the tank water is directly supplied to the room heater for space heating.
Test results of the heat supply unit
The result of a heat storage test for the heat supply unit is shown in Fig.4 (a) . In the test the tank water (T7) was raised from 14 ºC to 66 ºC in 53 minutes. The amount of heat storage (Qs-sum) was 6.3 kWh, which was approximately equal to the value calculated from the tank volume and the temperature difference. The Qs-sum linearly correlates with T7. It shows that the tank water temperature is uniform during heat storage. The heat duty of the hot water heater (Qstorage) was controlled under 10 kW.
A hot water supply test to the bath was conducted 4 hours after the heat storage test. The result of the test is shown in Fig.4 (b) . The preset temperature was 35 ºC, the tap water temperature was 12 ºC, and the flow rate was 20 l/min, resulting in a heat duty (Qtap) of 32 kW.
For the first 7 minutes after running the bath water, the tank water temperature (T7) remained over 60 ºC, so that the heat duty of the single-loop pipe (Qstorage) dropped under 4 kW. Owing to the flow rate control of the tank water by MV1, the return temperature (T8) decreased to almost 30 ºC. It showed that a temperature stratification occurred in the tank. During this time, 4.5 kWh of heat was available (Qtap-sum). For the last 1 minute, the hot water in the single-loop pipe was directly supplied.
As for the heat loss in the heat supply unit, T7 had decreased by 3 ºC in 4 hours, so that the heat loss in the plastic tank was estimated to be 0.087 kW. 
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The total length of the single-loop pipe was far longer than that for usual condominiums because of a free-access floor structure of NEXT21.
To ensure that all the households, even the last one, can use enough hot water, the flow rate of the single loop pipe (F1) was controlled by a hot water supply inverter pump (P1) according to the flow rate and temperature of the return line (F2 and T2). The maximum F1 was 20 l/min. The gas boiler was operated according to the temperatures in the hot water tank (T3, T4, and T5) so as to keep the temperature at the single-loop pipe outlet (T1) at 70 ºC to 75 ºC, which was equal to the water temperature in the exhaust heat recovery (T7). 
Heat demand pattern of 7 households and objectives of tests
A typical heat demand pattern of 7 households in winter is shown Fig. 6 , which was based on our surveys of residential cogeneration systems. The average integral heat demand of each household was 44.7 kWh/day.
Two peaks of heat duty appeared in early morning and at night. Especially from 21:00 to 23:00, the bath water heating and the hot water supply demands of several households overlapped. On the other hand, off peaks appeared from 1:00 to 6:00 and from 12:00 to 17:00. Two kinds of tests for the heat supply system were conducted.
The first one was a heat storage test. We made sure that all the heat supply units would be able to store heat during the 5-hour off-peak period.
The second one was a heat supply test for peak demand. We made sure that the system would supply peak heat duty under the condition of limited heat sources (a gas engine and a gas boiler). 
Heat storage test
The result of a heat storage test for 7 households is shown in Fig. 7 . It was conducted as follows.
The initial temperature of tank water in the heat supply units was 14 ºC. The ambient temperature was 13 ºC. Each heat supply unit automatically started to store heat under a preset condition in sequence from the first household to the last. The flow rate in the single-loop pipe (F2) changed according to the gas boiler operation. When the boiler was on, the hot water was supplied to the hot water tank, and when the boiler was off, the hot water was released from the hot water tank. This cycle was repeated. The difference between Qheat and Qstorage was equal to the heat loss in the single-loop pipe. This heat loss was estimated to be about 6 kW. This large heat loss was due to the long pipe length. This test result showed that all the heat supply units completed heat storage during the off peak hours.
Heat supply test for peak demand
After the heat storage test, a heat supply test for peak hours was conducted as follows. First, hot water was supplied to the bathtub (35 ºC) and it was heated by the bath heater sequentially for each household. During this time, all the heat supply units ran out of their heat storage (first stage). Next household showers were used simultaneously as long as possible. In this stage, the hot water in the single-loop pipe was directly supplied. The temperature of the tap water was 11 ºC. The test result is shown in Fig. 8 (second stage) .
The first stage was completed after 55 minutes. Hot water was supplied to the bathtubs of 3 households for 35 to 55 minutes; the other households had been previously supplied.
The second stage started 75 minutes after the start of the test, and the hot water was supplied to all the households. Because the hot water in the single-loop pipe was directly supplied, the pressure difference in the single loop pipe increased. This increased the flow rate in F1 to 30 l/min, which exceeded the limited flow rate (20 l/min). All the households were able to use hot water, even though the F2 was 0 l/min. When the heat in the 300 l hot water tank was exhausted, the outlet single loop pipe water dropped in temperature (T1).
This test result shows that even if all the heat supply units run out of their heat storage, this system can still supply hot water to satisfy the peak demand in Fig. 6 . 
Dynamic Simulation for 50 Households
Model of simulation
In order to design an optimized energy system and a control system for a cogeneration system, we conducted a dynamic simulation for 50 households.
A heat demand pattern of 50 households in winter is shown in Fig. 9 , which was based on the same surveys as those in Fig. 6 . This includes hot water supply, bath water heating, and space heating during 1-minute interval. The average demand was 34.4 kWh/day. The maximum ratio of concurrent use based on 42 kW boilers was 18% for 50 households and 41% for 7 households. The process flow of the heat supply system for the above simulation is shown in Fig.  10 . A process simulator, VMGSim (Virtual Materials Process Simulation), was used for the simulation. The simulator calculates the output of the gas engine, the COP of the heat pump, and so on once every one minutes according to the input data shown in Fig. 9 based on static simulation.
Results of simulation
The outlet and the return flow rate as well as the return temperature of the single-loop pipe (F1, F2, and T2 shown in Fig. 10 ) are shown in Fig. 11 . The difference between F1 and F2 (F1 -F2) indicates the total hot water directly supplied to each household.
The heat storage of all the heat supply units ended at 4:00. It showed that a small amount of hot water was supplied by heat storage in the heat supply units between 4:00 and 6:00. At the peak demand time of 20:00, about 60 l/min of hot water in the single-loop pipe was directly supplied by the single loop pipe. When 60 l/min of water was running through this single loop pipe of 25 mm ID, the water velocity in the pipe was 2 m/s, and the pressure drop was 0.38 MPa, so that heat may have been provided by a normal pump.
There were several points that should be improved such as fluctuation of T2 and the operating rate of the gas engine. In further study, the control of the system is to be optimized so that a stable and energy-efficient heat supply can be realized. 
Development of a New CO 2 Heat Pump System
A new CO 2 heat pump system
In winter, the heat demand and the ratio of heat demand to electricity demand becomes large. A CO 2 heat pump can efficiently transform the surplus electricity to heat. Thus the operating rate of cogeneration and its total heat efficiency both increase with a CO 2 heat pump installed in the heat source unit.
We developed a CO 2 regenerative heat pump system for our heat supply system (ICOPE-05). This system had a high performance of COP = 10 in winter but was a complicated system having three heat exchangers and so on. Subsequently we designed a simpler heat pump system combined with a condensation latent heat exchanger. The system flow is shown in Fig. 12 . The exhaust gas from an engine first passes through a condensation latent heat exchanger for tap water pre-heating and then through the evaporator of a heat pump to increase its COP.
Its total heat efficiency was better than the previous system. In order to evaluate the effect of COP improvement, the heat pump was tested as shown in Fig. 13 at another site of NEXT21.
The air temperature was 11 ºC. A boiler was substituted for the gas engine. We used a MITUBISHI heat pump (SRT-HP37-N1, rated COP 4.9).
The COP of the heat pump was improved 1.5 times with the exhaust gas directly used, and 1.2 times with exhaust gas used after passing though the latent heat exchanger. This effect was more remarkable in the condition of frost formation on the evaporator of the heat pump. 
Conclusions
(1) A low-cost heat supply unit that was suitable for the single-loop interconnected heat supply system was developed. It was able to store about 6 kWh of heat and to supply enough heat to households by the help of direct use of single loop water. (2) A heat supply system for 7 households was constructed with a 5 kW gas engine and a 42 kW boiler as heat sources. This system was able to store heat for all the households during off-peak hours and to supply enough heat during peak hours. (3) A dynamic simulation for 50 households was conducted. It showed that heat supply was possible using 25 mm ID single-loop pipes with interconnected heat supply units. (4) A new CO 2 heat pump system was developed. The COP of the heat pump increased with the exhaust gas used for the evaporator.
In further study, we should verify the heat supply to satisfy the actual demand of 7 households and optimize the control of the system by process simulation.
